This report describes techniques and protocols imple* mented at the Geneva Canton University Hospitals (HUG) for the combination of various biomedical imaging modalities and sensors including electromagnetic tomography, to study, assess, and Iocalize neurological (dys)function. The interest for this combination stems from the broad variety of information brought out by (functional) magnetic resonance imaging, magnetic resonance spectroscopy, computed tomography, single-photon emission tomography, positron emission tomography, and electromagnetic tomography. Combining these data allows morphology, metabolism, and function to be studied simultaneously, the complementary nature of the information from these modalities becoming evident when studying pathologies reflected by metabolic or electrophysiologic dysfunctions. Compared with other current multimodality approaches, the one at the HUG is totally compatible with both clinical and research protocols, and efficiently addresses the multidimensional registration and visualization issues. It also smoothly integrates electrophysiology and related data as fully featured modalities. 
T HE WORLD of biomedical imaging can be divided in two major tracks: one morphological, where the images show the underlying anatomic structures; the other metabolic or functional, where the images produced provide information about the metabolism or the function of the underlying tissues. The first track includes x-ray computed tomography (CT) and magnetic resonance imaging (MRI). The second track includes single-photon emission computed tomography (SPECT), positron-emission tomography (PET), magnetic resonance spectroscopy (MRS), and functional MRI (fMRI).
The two tracks provide information that has clearly been recognized as complementary and may consequently often benefit from direct comparison in various protocols or pathologies. For example, multimodality (MM) approaches are now well accepted in oncology, either for the brain or other tissues. 1-5 Beyond tumors, studies are also under way to investigate brain function through MM approaches, 6,7 and other pathologies or organs may also benefit from such approaches. TM As the modalities making up the two tracks include both direct imaging and pseudoimaging modalities (eg, parametric imaging), a more generic name had to be coined and was chosen as "sensor" by analogy with space-and airbased remote sensing imaging concepts. In the rest of this report, modality and sensor are considered to have rather similar meanings, the latter being considered to also include nondirect imaging "modalities."
Because of the spreading need for multimodality/multisensor (MS) approaches, and since most modalities/sensors are still not produced on the same machine or in the same spatial referential, many groups have been involved in three-dimensional (3D) data sets registration issues so as to be able to work with different modalities in a common space. 12 Approaches used for registering data sets can either be prospective or retrospective. Prospective approaches often imply artificial markers or fiducials placed on the patient before the acquisitions. In these approaches, the markers, not the actual anatomy, are being aligned by the registration process. Retrospective techniques can make use of routinely acquired data and, ideally, do not imply a priori knowledge about any subsequent MM alignment. Data sets are acquired normally, without additional locator devices. Most often, similar anatomic structures are extracted from the initial data sets, and their 3D distance is minimized by iterative manipulation of the 3D interset geometry transformation (eg, through 3D translations and rotations). The manipulation of the data sets to reach the optimal alignment transformation can range from direct manual interaction, to point-topoint correspondence, 13,14 principal axes registration, 15 3D surfaces alignment, ~6-18 and also 3D volume correlation, a9 None of these approaches is general enough to take the best care of every MM registration problem, and this is the reason why there is continuous development in this field. For example, different graphical primitives can be used simultaneously in the computation of the 3D distance between two data sets to improve the result of the registration. 2o Other developments tend to accelerate the convergence of iterative methods by modifying the convergence engine with no major modification of the interset distance cost engine. 19, 2~ Although the speed of convergence is certainly important for widespread acceptance and usage of the MM concepts, it is important to stress that it is the cost engine itself that makes the true identity of a registration approach.
In the scope of functional data acquisition and imaging of the brain, electromagnetic tomography (EMT), either based on electroencephalography (EEG) or magnetoencephalography (MEG), can be seen asa functional modality able to complement PET-SPECT and fMRI ideally. Compared with them, EMT, which does not necessarily require complex external devices (eg, when based on EEG), provides the actual capacity to follow--on an arbitrary time scale close to real time--the electrical changes caused in the brain by an external stimulus oran internal (dys)function. Besides the obvious advantages of EEG-based EMT (fast, relatively inexpensive, and no special requirements for acquisition set-up), this technique generally suffers from its intrinsic low spatial resolution. As such, it requires accurate matching and fusion with actual brain anatomy to be correctly interpreted and show its full potential for functional analysis.
Once properly registered with anatomy, the timing capabilities of EMT should eventually allow the anatomic path of a (dys)functional electromagnetic (EM) activity to be traced in near real time. In addition to the spatial localization aspect, and because of the totally new information they provide, registering the EMT maps to other modalities can also lead to a better understanding and assessment of the underlying functional and metabolic behavior of the tissues.
Most present modalities being tomographies, the multisensor space initially has three dimensions. For dynamic acquisitions, time adds a fourth dimension, and considering various modalities or sensors adds another one. The whole MS space ends up being a 5D one (Fig 1) , which does not consider the possible postprocessing issues (pharmacokinetic modeling in PET, etc), which can also add parameter dimensions. 
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The purpose of this report is to present the current multisensor environment and means that have been implemented in Geneva to register the different data sets and visualize them simultaneously. Compared with other approaches, the Geneva integrated multisensor imaging and processing system (IMIPS) has been developed to accommodate both clinical and research protocols and applications. EMT and EEG have also been integrated in IMIPS as fuIly featured modalities and can readily be compared with the other modalities both in space and time. Because of its rather new entry in the multisensor field, and because of the specificity ir adds to IMIPS compared with other multisensor approaches, there will be some emphasis on the specific processing and use of EMT data within this context.
Typical examples of current presurgical assessment of pharmacoresistant epilepsy will be succinctly presented to illustrate the use and impact of IMIPS on actual clinicaI cases. For this specific pathology, better and more objective localization of the foci is obtained from MS approaches before possible surgical resection: the MR data can show possible morphological lesions and the interictal fluorodeoxy-Glucose (FDG)-PET shouId show localized hypometabolism22,23; the comparison between interictal and ictal hexamethyl-propylene-amineoxime (HMPAO) or ethylene-cysteinate-dimer (ECD)-SPECT should show an increase of perfusion, 23,24 and the EEG reconstructed during the ictus can show the EM evolution of the crisis in near real time. Most often, only a few of the individual modality clues are simultaneously visible for any single patient. The combination of data of various types is then expected to improve the localization of the triggers or potential epileptic foci from complementary viewpoints, and is, therefore, of great interest for the planning of possible surgical resection or further investigation, such as depth electrode implantation.
MATERIALS AND METHODS

Acquisition and Processing Environments
The medical imaging equipment available at the Geneva Canton University Hospitals (HUG) is a typical multivendor configuration.
MR:
Picker The EEG acquisition is performed on commercial personal computer-based multichannel equipment. From the scalp electrodes' locations and EEG measurements, the current density vector field can be reconstructed in 3D and low resolution. For example, Iow resolution electromagnetic tomography (LORETA), 2s which is used in Geneva, reconstructs the current density vector field (see Fig 4) by making various assumptions about the shape of the head (virtual sphere on which the electrodes lie), the conductivity inside the head (concentric brain, skull, and scalp spherical shells), and the continuity of the neuronal generators distribution within the brain. All imaging devices ate connected to a hospital-wide picture archiving and communication system (PACS). 26 At the present time, archiving of images is performed on a routine basis only for data from MR and CT equipment, whereas SPECT and PET data are converted and transferred only on demand.
Data retrieval, conversion, alignment, fusion, and realtime 3D visualization ate all performed on a Silicon Graphics (Mountain View, CA) workstation (Crimson Reality Engine), mostly under Explorer (SGI-Numerical Algorithms Group, OxŸ UK), a module-based multiplatform software engineering system for which many specific modules had to be developed to fulfill the needs of multidimensional and MS biomedical imaging.
To comply with the requirements of the PACS, and also to make IMIPS truly compatible with clinical applications, all reference and resliced data sets produced in the scope of IMIPS are converted to the digital imaging and communication in medicine-compatible 27 Papyrus file format and made globally available on the PACS for reviewing and processing on any workstation. With the reviewing software Osiris 2s available as the standard HUG-PACS display environment, the registered data sets can then be visualized in side-byside or screen-mesh fusion modes, and regions of interest or other primitives can be drawn on one data set and projected onto the others for calculations or localization.
Besides the Papyrus files, all the objects created for display on the MM workstations can also be saved as images oras 3D objects under the OpenInventor 29 or virtual reality modeling language VRML ~o standards. These objects can then be transferred and used for illustration or navigation through other commerical or public domain multiplatform software.
Hybrid Registration of Multisensor Data Sets
IMIPS (Fig 2) was developed in Geneva primarily to allow for the retrieval, registration, and 3D to 5D fusion of morphological data, such as bone and soft tissue anatomy extracted from CT, brain anatomy extracted from MR], angiography data from MR (MRA) or CT (CTA), and functional data modalities, such as PET, SPECT, or EEG/ MEG-based EMT.
As stated in the introduction, there is no general solution to registering two data sets, and several established techniques of complementary types were implemented in IMIPS so that the investigators would be able to salve most registration prob]ems by optimally combining these techniques with their data. Whenever possible, a semiprospective protocol is used that initializes the registration of the more traditional imaging modalities (MR, CT, PE]', and SPECT) by a geometric transformation, making use of commercial external MM markers (IZI, Baltimore, MD). The markers are used as they come for CT and MR (they behave like skin), but require a small dose of radiotracer ( = 0.2 mL of a = 30 ~xCi/mL solution) for SPECT and PET acquisitions. They are placed at the nasion and preauricular cavities for every acquisition. These locations have been extensively used as references in many MM projects, 31 as they are easy to identify and do not more significantly during or between examinalions. Currently, the authors also use a fourth "orientation" marker on the right temporal cavity for solving the possible orientation discrepancies (eg, resulting from different equipment of protocols) between the various modalities being considere& The markers are clearly visible in eve~ data set, and their location can easily be extracted by interactive pointing on the reconstructed images. From these Iocations, the geometric transformation from one set of markers to another one can be calculated either directly (with only three markers to consider) or through techniques that can be extended to use more landmarks. L~a4
From the "gross" initial marker-based alignment step, the alignment transformation can be refined either manually of semiautomaticalty. The manual atignment techniques, through interactive 3D surface manipulation or direct transformation input (le, 3D translations and rotations in the markers' or initiat volume's referential), are still the standard against which al1 other techniques are compared.~2,32 Even with the help of the marker-based initialization step and reasonable interaction speed, they can be tedious to use. For this reason, and also to rely less on the possibly exclusive expertise of a few users for the bulk of routine cases, other more automated means of objectively--and iteratively--refining the alignment between modalities have also been implemented in IMIPS including 3D surface approaches, 16 3D (Chamfer) distance maps] 7Js or data similarity 2~ approaches. These individual techniques, whicb often imply a preliminary segmentation step, are alt virtually integrated in a hybrid global system (similar to Bidaut et aP3), where they are used to solve the specific alignment steps on which they perform best, to complement of support the other techniques. Figure 2B explains better how the various components of IMIPS interact to register specific MS pairs.
Whenever the original data sets contain similar enough information (eg, anatomic clues), the quality of the alignment can be assessed at anytime by visualizing overlapping slices or 3D surfaces of similar structures (Fig 3) ,
Registration of EMT to MR. The standard Tl-weighted 3D MRI acquisition used as spatial reference is performed on the patient at some time close to the EEG. Before the EEG recording, all electrode locations ate digitized with a 3D digitizer, such a s a Polhemus magnetic system (Polhemus Laboratories, Inc, Colchester, VT) or a passive robotic arm (Fig 4A) . To simplify the alignment step, more anatomic or fiducial landmarks (such as the markers intro- duced previously), which can easily be identified on the reference MRI data set, can also be digitized at this stage. It is worth mentioning that the quality of the EMT-MR alignment is dependent on the quality of this measurement.
As the reconstructed EMT maps in their ideal spherical virtual space-' (Fig 4B) do not contain enough information about the underlying anatomy, the fiducials and electrodes' locations on the scalp recorded before the EEG (Fig 4A) are the only information allowing one to register the EMT maps to the actual MR anatomy. Because of the presently low number of electrodes ( ""27 in current long-term monitoring settings), the alignment is performed either manually from the initial transformation provided by the markers' locations (ie, by 3D rotations and translations) or with the help of an iterative search (similar to Pelizzari et aP6 or Mangin et aP8), which minimizes the 3D distance between the electrodes' "cloud" and the scalp segmented from the reference MR data set.
In addition to the EMT-MR alignment, the electrodes' locations ( Fig 4A) are also used to resample spatially, in the real 3D space where they were initially located, the EMT data reconstructed inside their perfect virtual sphere. To do so, we use the initial transformations that map every electrode onto the surface of the virtual EMT head sphere before the EMT reconstruction.P These transformations are inverted so that the EMT reconstruction nodes, which are uniformly sampled throughout the virtual reconstruction sphere (Fig 4B) , now have actual 3D space coordinates within the volume enclosed inside the scalp surface as defined by the electrodes' true locations (Fig 4C and 4D) .
Reslicing ofMultisensor Data Sets
Once found, the optimal interset geometric transformations can be applied to the initial data sets for reslicing them individually to match the reference one spatially (eg, MRI). As the modalities of interest carry different types of information, this reslicing can be performed with different modes likely to best preserve this individuality. Using all possible a priori knowledge about the information to be best preserved during the reslicing (eg, hyposignal or hypersignal), this operation can be done by either nearest, trilinear interpolation or standard ranking (minimum, median, or maximum) filters>' on the trilinear kernel. To improve the appearance of the resliced data sets, anisotropic data may also be interpolated before the reslicing itself by linear interpolation or ranking filtering.
Reslicing of the EMT data. After registration of the fiducials' or EEG electrodes' locations between the MR and EMT data sets (Fig 4A) , the four-dimensional (4D) EM data (true spatial 3D and time = 4D) are transformed through the optimal geometric alignment transformation into the MRI referential. Because of the low resolution of the EMT reconstruction, the reslicing can take several forms, depending on the information to be emphasized: nearest node value, trilinear interpolation, or ranking (minimum, median, or maximum) filters between closest adjacent nodes. Because of the low resolution and coarse or nonuniform sampling of the EMT nodes in the real 3D space, every reslicing mode comes with a "capture sphere" (CS) option that controls the contribution of every EMT node to the resliced voxels (elementary elements of volume). The CS makes sure that the EMT nodes are considered within their actual spatial spreading range, which is a function of both the physical measurement geometry (eg, EEG) and the EMT reconstruction technique. Setting the CS radius at any individual EMT node to match the resolution of the virtual EMT reconstruction at this location ensures that every EMT node contributing to a specific spatial reference voxel will be properly considered in the EMT reslicing calculations.
Multisensor Visualization
Several techniques can be used to visualize or manipulate the 3D to 5D MS data sets resulting from the IMIPS approaches.v-" Most figures presented in this report demonstrate the capacity of the tools that have been implemented in IMIPS to take care of visualizing in 2D or 3D any combination of information extracted from a 5D MS volume.
Directly from the MS space, slices from every sensor can be presented either side by side or in "colorwash" mode, the latter being a superposition and transparency fusion of individually colored slices (see Figs 3, 7 and 8) . Because of the CS concept, the resliced EMT images (see Fig 8A) actually give clues as to how coarse the EMT node sampling is in a specific area or how distant a resliced voxel is from any initial EMT node. The resliced EMT data show nonoverlapping circular shapes in the areas of low EMT spatial resolution and in locations distant enough from actual EMT nodes (eg, edges of the brain), while giving apparently more densely packed voxels in other areas (eg, inner brain). In the images of Fig 8A, where the information to preserve was an EMT hypersignal, the CS radius was set to the minimum distance between distinct EMT nodes so that the already low EMT resolution could be kept at its highest. The brain or other structures can also be segmented in IMIPS from the 3D reference MRI data set by manual or automated morphotopological segmentation (similar to the one described in Mangin et altS). The latter, which combines ~hresholding and ma~hernatical morphology concepts, is robust enough for segmenting the whole brain and seldom requires manual edition of its results. The masks and surfaces produced at this step can later be used in subsequent processing or visualization.
AII 3D to 4D surfaces extracted from the MS space can be rendered and manipulated in 3D with OpenInventor -29 or V R M L -3~ compatible multiplatform viewers. They can also be made transparent to better show their relationship with inner structures or slices from the MS volume. For example, see Figs 4E, 5, 7B and 8B, which show isocurrent surfaces extracted from the realigned E M T data. Depending on the information of interest in the EMT, and also if a complete time sequence is being investigated, the threshold used to catculate the isocurrent surface can either be absolute (on a global 4D sequence) of relative (on the single 3D time frame under scrutiny). To provide in a 3D mode some information of a higher dimension, the investigators can also show a color-coded 3D to 4D projection of any sensor (eg, metabolism from PET-SPECT or reconstructed EMT current densities through time) onto the brain structures extracted from the morphological MR data set (see Figs 5 and 9).
RESULTS
The techniques and protocols implemented in IMIPS now allow one to retrieve, register, and integrate on a routine basis many medical data of a definite complementary nature. Once they belong to the same 5D space, data from any multisensor volume can easily be reviewed, visualized, compared, and used in further processing, which makes the IMIPS approach totally compatible with either clinical or research applications. The modular design of IMIPS allows easy implementation of any new technique or component within the global system at hand, as soon as they become available or necessary.
Validation of EMT-MR Registration
EMT is the least imaging modality of the ones currently in use in IMIPS and is a new entry in the MS field. For these reasons, the correlation between the 4D EMT maps and the brain areas known to respond to specific stimuli in normal subjects has been verified by using evoked response potential (ERP) data.
The ERP experiments shown in Figure 5 are better described in Pascuat-Marqui et al2 s The stimulus retained for illustration is a visual one: right hemiretina checkerboard (rHRCB). Specifically, for the rHRCB test, there are peaks in the electrical measurements at 100 and 136 milliseconds poststimulus. These instants, which exhibit a spatial inversion in the localization of the maximum EM activity, are the ones that have been retained in Fig 5 to demonstrate both the timing and localization capabilities of the EMT within the more global multisensor protocol, as well as various ways of representing these data in relation to the underlying anatomy. The slight nonpredominant frontal activity seen in the EMT is actually not significant for the experiment and is principally due to an EMT artifact caused by the uneven sampling (targeted at occipital/visual cortex regions) of the electrodes retained for the EMT calculations.
Clinical Examples
In addition to oncology, 37 where MM applications have already been largely advocated] ,2 many drug-resistant epileptic patients have already been investigated. The authors' clinical epilepsy assessment protocol (Fig 6) is primarily intended for presurgical evatuation of the patients. It currently includes 3D MRI (standard Tl-weighted, 1 mm 3 voxels), interictal FDG-PET, 22,23 interictal S P E C T (initially with H M P A O and now with ECD, which is much more stable through time), 23,24 long-term E E G monitoring with video recording, and ictal ECD-SPECT (injection < 10 minutes after the beginning of a crisis detected by EEG). Other MR sequences or functional acquisitions (fMRI, post-ictal SPECT, etc) may also be included whenever needed or available. Two typical cases are described briefly in this report to iltustrate the MS investigation the patients undergo and the clinical benefits it can provide.
Patient 1 has a lesion (cavernoma) that can be easily seen on the MR data set (Fig 7) . PET and SPECT, respectively, show focal hypometabolism and hypoperfusion in the area of the lesion (Fig 7A) . EMT maps at various moments during the ictus (Fig 7B) , and particularly at the onset, always show an elevated EM activity in the area of the lesion. Although the PET and SPECT findings (which are not epilepsy related) do not permit any conclusion to be reached regarding the epilepsy source, the EMT findings point to the functionally involved lesion as the most probable source of epileptic activity.
The outcome of this investigation will be a resection of the lesion, with the help of the MR spatial reference to localize it better. Patient 2's MR does not show any visible lesion or tissue damage. Ictal SPECT and E M T both show an area of increased perfusion and EM activity in the frontal cortex (Fig 8A) . The spatial gap between the two sites seen in Fig 8B is not truly significant and is further explained in the Discussion.
For this patient too, other modes of MS visualization are also shown (Fig 8) with the projection of ictal SPECT and EMT data on the outer and inner surface of the cortex extracted from the MR data set. These modes visualize both sides of the cortex, and allow for better assessment of the relationship between the right frontal SPECT hyperperfusion and the maximum EM activity during the ictus regarding the surrounding neurological anatomy (eg, sulci). Even retrospectively, there are no visible lesions on the morphological MR data set at the location of the functional abnormality. As some EM activity (while of lesser amplitude) is also measured at other locations during the ictus, depth electrodes will be implanted with the help of the multisensor data. Their electrical measurements will then be used to probe for other possible locations for the epileptic trigger(s) or focus (Fig 9) .
DISCUSSION
MM registration. The MM alignment and reslicing aspects of the IMIPS system described in this report have been designed to minimize changes to the current routine acquisition protocols while allowing the use of the data in the most complex MS protocols. As such, minor adaptations were necessary to allow for the proper use of a few markers to resolve orientation differences between the different data sets and provide a good initial interset geometric transformation for subsequent alignment steps. This basic setting should be kept as long as the data sets do not carry reliable orientation information or are not similar enough across examinations. For example, the use of much different (and multivendor) tomography equipment with their own data orientation (ie, left/right, head/ foot) does not always allow for the easy absolute orientation of the initial data sets. In the near future, it is hoped, a wider use of medical file standards 27 should efficiently solve the problems of spatial compatibility by propagating appropriate reference and orientation data structure along with every data set. Also on the bright side, the lack of significant distortion from the tomographic imaging modalities (as measured by standard quality control procedures) obviated the need for a specific geometry correction comlx> nent, such as coordinate scaling or warping. 38
Working with only a few markers and also with low resolution (and often anisotropic) imaging devices, the geometric transformation extracted from the markers alone does not allow for perfect alignment of the data sets. Nevertheless, the initial result takes care of the orientation differences and is near the ideal solution. This proximity then helps itera- Visual ERP (right hemiretina checkerboard) EMT at t w o selected instants. EEG potentials recorded during a rHRCB ERP exhibit two peaks at 100 and 136 milliseconds (see EEG curves). The EMT reconstructions at these two moments show the characteristic inversion of the maximum EM activity from the right side (100 mil|iseconds) to the left side (136 milliseconds) through the display of the maximum current envelope. The other display modes al|ow for better assessment of the link between the EM activity and the underlying anatomy (outer and inner cortex). Although only two characteristic time frames have been selected for this figure, each single time frame (evew millisecond for an ERP) can be projected in the same way to follow dynamically the evolution of the EM signal through time and in relation with the anatomy. segmented from the MR data set. The left column shows the projection of the functional data on the outer surface of the cortex. The right column shows the inner surface of the cortex (= outer surface of the white matter), which is more closely related to the sulci and shows a different side of the relation between functional data and underlying anatomy. For this patient, the interest of the mapping is to show the relation between the anatomy and maximum EM activity, and metabolic perfusion seen in the right frontal cortex during the ictus. tive rtiethods to avoid local minimas in which they could be trapped--far from the actual solution.
The IMIPS multicomponent alignment approach was built on published and recognized developments, the accuracy of which is strongly dependent on the resolutions and types of the modality pairs under scrutiny. By using a preliminary marker step, a final possible manual interaction, a best-choice method, and state-of-theart acquisition devices (which were not always available at the time of the initial developments), registration solutions should obtain an accuracy similar or better than the original published values, la3z Still, a n d a s actually mentioned in the original publications, 12,32 alignment results occasionally require visual checking and final manual correction, whenever enough similar clues are visible on both data sets (which is the case with the sequences and tracers we are currently using). This "poor performance" is generally due to spatial discrepancies between the incoming data sets (eg, too much anisotropy) or to too many differences in the interset features used by the alignment methods (eg, incomplete brain coverage). When not specifically linked to intrinsic limitations, such as tracer choice in PET or SPECT, these differences can sometimes be anticipated and corrected at the initial acquisition/reconstruction time by clearly stating before the individual examinations which ones are planned to be used in a MS protocol.
EMT-MR
registration.
The EMT reconstructed data are of low resolution; in its present setting, L O R E T A can resolve two point sources if separated by more than 25 mm. With this intrinsic limitation, the simple nasion and preauricular fiducials' alignment of an EMT map with the MR spatial reference generally gives adequate results. Even so, manual interaction can stilt be necessary to correct for possible problems, such as patient motion during digitizing of the electrodes' locations. The limited number of electrodes in the current routine E E G recording protocol ( = 27) does not allow much better results to be reached when iteratively minimizing, by techniques, such as those used by Pelizzari et al 16 or Mangin et at, 18 the distance between the electrodes' locations and the relatively smooth 3D scalp surface extracted from the MR data set. If, as it is planned, the number of electrodes is increased from 27 to 64 or even I28, the more automated iterative alignment techniques might give better results, compatible with a higher-resolution EMT reconstruction.
Reslicing. The ranking filters reslicing interpolation modes are an attempt to make interpolation a little smarter without going to the expense of full shape-based interpolation, 39 which would require preliminary segmentation of the data sets. Although the latter interpolation technique certainly produces better results, at least near the edges of the structures of interest, segmentation of the initial shapes is not always possible based on only single modality data sets. Besides, one should always remember that interpolation does not objectively improve the initial content of the data. Its major goal is attempting to .re-create, under reasonable assumptions, what is missing or has been lost at previous steps.
Visualization. By going further in the segmentation of the brain by windowing MR signal values or going to more statistical approaches, 4~ the values of the nearby EM or metabolic activity can be mapped onto the outer and inner surfaces of the cortex (Figs 5 and 9 ) or even more specific structures within the brain. As it stands, the ability to peel away the cortex (from outer cortex to outer white matter) and project on these anatomic structures data from other sensors is expected to improve the understanding of brain function. Sulci segmentation and identification 42 will eventually further this approach.
Validation and clinical examples. Investigations, including depth electrodes EEG, are stil| being conducted to assess the correlation between structure and function (by PET, SPECT, and other EEG methods as well as by EMT) better for pathological conditions, such as epilepsy.
Although some patients exhibir morphological tesions, which are easily identified on the routine MRI and likely related to their epilepsy, others do not present any morphological anomaly. For these latter patients, the information brought in by the functional modalities is absolutely necessary to further the investigation. Even if PET alone does not show any loca| hypometabolism, interictal and ictal SPECT can still be compared, either qualitatively (eg, by normalizing the ECD uptake values to the cerebella hemispheres in both data sets) of semiquantitatively (eg, by histogram-based interset normalization or by kinetic modeling approaches). In the two clinical examples presented in this report, it is interesting to notice the slightly different type of complementary information that comes out of the MS approach for the two types of patients. In cases like patient 2, preliminary MS results are not conclusive enough, and further investigations need to be performed (eg, with the help of implanted depth electrodes or more targeted long-term scalp EEG monitoring). Also, as qualitative measurements are not always enough to assess tissue function properly, 43,44 an effort is under way to integrate more quantitative procedures and data (pharmacokinetic modeling approaches for PET and SPECT, statistics, etc) within the globa| MS space currently dealt with by IMIPS.
In Fig 8B , the spatial gap between the two sites of maximal EMT current and SPECT perfusion is well within the limits of the EMT resolution accuracy. Also because of noticeably different intrinsic principles between the two sensors (particularly their distinct timing capabilities), the sites can reasonably be considered as spatially related. Moreover, the dynamic information provided by the "motion" of the EM maximum activity during the ictus could actually be used to high|ight specific areas of the brain with "slower" criteria than instant EM activity. The new parametric areas might then be compared with MR morphology or function, and with SPECT or PET (quantified) metabolism.
Intra-patient versus inter-patient. For the time being, the IMIPS protocols and system presented in this report have been designed primarily to accommodate analyses performed on single individuals. Although IMIPS performs the task well, there is a definite need to expand it further to interindividual processing and anatysis for studying neurological function and metabolism in a more global population. Such an expansion is occurring in two separate directions to accommodate the diversity and specificity of the investigations. The first direction is to use an atlas-based approach, such as statistical parametric mapping, 45 whereas the second approach tries to address the interindividual anatomic disparities better by using approaches, such as described in Mangin et al, 42 a s a frontend to more complex statistics.
E M T related issues.
Although LORETA is currently being used in Geneva for EMT calculations, other techniques (such as commercially available time-varying dipole modeling 46) exist to reconstruct EM data from EEG or MEG measurements. Although these techniques all try to address similar issues in attempting to find "the" best solution to the inverse problem of localizing the physiological generators from the physical measurements, they rely on fundamentally different principles. As IMIPS is not limited to a single EMT method, a direct comparison of these methods is beyond the scope of this article.
In subsequent developments, refinements should and will be made in some aspects of the EMT reconstruction, at least to further its validation in parallel with the other modalities. These refinements are actually similar to the ones "already occurring in the other functional and metabolic imaging fields where CT and MR data are expected to improve the reconstruction and processing of PET, SPECT, and fMRI data.
The "capture sphere" concept developed in IMIPS for the reslicing of EMT data is evolving toward a more realistic shape that should better consider the actual non-uniform spatial sampling and spreading of the EMT nodes in all three dimensions. The EMT coarse sampling is both due to the nonuniform electrodes' spacing and to the EMT reconstruction assumptions. As currently done for ERP experiments, the electrodes' locations can be tuned to cover better specific locations, such as the temporal lobes or other areas under scrutiny. From this locally improved spatial sampling at the physical measurement level, the EMT calculations can then also provide a better spatial sampling at the reconstruction level in the selected areas. As the EMT investigation for epilepsy is currently being performed in parallel with the routine long-term neurological investigation, the number of electrodes is relatively low and does not evenly cover the whole brain. In such a setting, LORETA, which can make use of any additional information, such as depth electrode measurements, still reconstructs, although with low resolution, all sources within the volume and can discriminate between individual maximums if they are at least separated by approximately 25 mm. Modifying the number of electrodes or tuning the electrodes' spatial sampling to more specific areas would modify this discrimination distance.
CONCLUSION
The open and modular MS facility (IMIPS) has been developed and implemented in Geneva to take care of all needs for both clinic-and research-oriented MS imaging and data processing.
Besides efficiently addressing the clinically compatible registration issue for various sensor pairs, IMIPS also includes some powerful visualization concepts and tools to present the information from a 5D MS space in a way understandable by both scientists and nontechnically oriented physicians.
The authors have shown the feasibility and potential interest of including--through means easily implemented in the clinical routine--EEG(-MEG) EMT in an already complex and rich (although more traditional) MM space that includes MR-CT anatomy and PET-SPECT metabolism. Besides FDG-PET and SPECT, which are now performed on a routine basis, 3D echo-planar fMRI and MRS should also be soon available in Geneva, along with better access to more marked PET molecules produced in a new radiochemistry laboratory. In its present shape, but even more so by including MEG, IMIPS can already be extensively used for studying normal and pathological brain metabolism and function, for example, through ERP's and other functional modalities (PET or fMRI).
In Geneva, the authors decided to target initially only a limited number of protocols with an expected added value ffom MS approaches. The MS grading and therapy planning of tumors and the assessment of pharmacoresistant epilepsy are such protocols. In addition to providing an improved opportunity to gain a better knowledge of the underlying in vivo metabolism and (dys)function of the tissues, the anatomically related multisensor space should also allow for better planning and monitoring of any subsequent therapy. Further protocols will be introduced as the authors learn better from the ones on which they initially focused.
When considering all the functional sensors now at hand, the total richness of the resulting combined MS space has not yet been fully appreciated at the moment. The newly envisioned MS potential, primarily based on multidisciplinary approaches, should never hide the complexity of putting together data (and people) from many scientific and technical fields, even for rather targeted research protocols. Only by properly assessing the means and educating the potential users will prevention of the disappointments that might come from less reasonable expectations be possible.
